Malaria is a fatal human parasitic disease transmitted by a mosquito vector. The 3 evolution of within-host malaria virulence has been the focus of many empirical and 4 theoretical studies. However, the vector's contribution to virulence evolution is not well 5 understood. Here we explored how within-vector resource exploitation impacts 6 evolutionary trajectories of within-host Plasmodium virulence. We developed a nested 7 model of within-vector dynamics and malaria epidemiology, which predicted that non-8 competitive resource exploitation within-vector restricts within-host parasite virulence. To 9 validate our model, we experimentally manipulated mosquito lipid trafficking and gauged 10 within-vector parasite development, within-host infectivity and virulence. We found that 11 mosquito-derived lipids determine within-host parasite virulence by shaping development 12 and metabolic activity of transmissible sporozoites. Our findings uncover the role of 13 within-vector environment in regulating within-host Plasmodium virulence and identify 14 Plasmodium metabolic traits that may contribute to the evolution of malaria virulence. 15 16 65 production) and parasite reproduction (sporozoite load) as a competitive Lotka-Volterra 66 equation 14,15 . This model describes egg production, parasite production and the 67 competition strength between vector and parasite !" and !" (their ability to inhibit 68 each other's growth). Mechanistically, the parasite's competition coefficient represents 69 its within-vector resource scavenging and, thereby, its harm towards vector reproduction.
INTRODUCTION 17
Malaria is caused by the vector-borne protozoan parasite Plasmodium falciparum and 18 kills 429,000 people annually, predominantly in sub-Saharan Africa 1 . The unacceptably 19 scavenge resources, restricted parasite virulence, whereas virulence runaway was 50 observed in a competitive relationship. To test these predictions, we experimentally 51 manipulated lipid trafficking in genetically identical mosquitoes and exploited a rodent 52 malaria model to gauge the impact of these manipulations on within-host virulence of 53 genetically identical parasites. We found that mosquito-derived lipids determine within-54 host Plasmodium virulence by shaping sporogony and metabolic activity of sporozoites.
55
By showing that evolution of malaria virulence is metabolically regulated by the within- 
123
Our theoretical study predicted that the type of symbiotic relationship (competitive or 124 parasitic) defines the evolutionary trajectory of parasite virulence. As restricting 125 trafficking of lipid resources impacted virulence, we examined the parasitic scenario,
126
where Plasmodium exploits mosquito Lp for lipid delivery. We microscopically gauged 127 lipid accumulation and parasite growth using Nile Red lipid staining, and observed 128 accumulation of neutral lipids in the peripheral cytoplasm and vesicles of mature oocysts 129 in control mosquitoes. In contrast, levels of Nile Red staining were significantly lower in 7 and gene expression of the sporozoites produced by control and Lp-depleted 144 mosquitoes. We found that lipid-deprived sporozoites were alive and properly expressed 145 major maturation markers ( Figure 3F and Figure S4 ). As lipids are crucial for metabolic 146 activity, we measured mitochondrial membrane potential using TMRE dye, which 147 accumulates in the membrane matrix of active mitochondria 23 . Lipid-deprived 148 sporozoites showed a significant decrease in mitochondrial membrane potential 149 compared to controls ( Figure 3G and Figure S4 ), suggesting that mosquito lipids shape 150 metabolic activity of Plasmodium transmissible forms. Moreover, TMRE intensities in 151 control sporozoites were broadly distributed over a range of 2.5 logs, as opposed to a 152 sharp peak of the cytoplasmic GFP signal ( Figure 3F and G). These results suggest that 153 genetically identical sporozoites display high variability in mitochondrial activity, which 154 may contribute to the plasticity of within-host virulence. Taken together, our data provide 155 experimental evidence that Plasmodium exploits Lp to scavenge mosquito lipid 156 resources for its within-vector proliferation in a non-competitive parasitic manner, and 157 identify mitochondrial membrane potential as a virulence-associated trait. What mechanism allows the parasites to avoid competition for the vector's resource 162 investment in reproduction? To answer this question, we gauged the timing of lipid 163 consumption by the mosquito ovaries and of parasite proliferation. We observed a clear 164 temporal shift between these two processes. While mosquito ovaries accumulated lipids 165 within the first two days after feeding, Plasmodium proliferation began one week post-166 infection ( Figure 4A ). We hypothesized that in order to avoid a direct competition for 167 nutrients, Plasmodium could have evolved to delay its replication until after completion of 
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where ! and ! represent the maximum intrinsic growth rate of eggs and parasites, 277 respectively, and !" and !" describe their competition strength. The maximum egg 278 and sporozoite densities are given by the carrying capacities ! and ! , which from this 279 point on we assume to be 1.
280
The four equilibrium points are given by 
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For all cases, where 0 < !" < 1; 0 < !" < 1, sporozoite production decreases 289 with increasing values of !" , and increases with increasing values of !" for all, where 0 < !" < 1; 0 > !" < 1 ( Figure S6) . Instead, vector reproduction should decrease 291 with increasing levels of !" independent of the sign of !" (Figure S7 ).
292
Epidemiological dynamics 
309
where ! !→! is a constant which describes the maximum transmission rate in relation to 310 parasite density.
311
Host-to-vector transmission depends on the parasites asexual replication and production 312 of sexual forms (gametocytes) 5,45 . Virulence towards the host is caused by the asexual 313 production during the blood stages, which makes host-to-vector transmission a linear 314 function of virulence !→! ! . We assume that the capacity to enter the asexual cycle 315 depends on initial parasite load, which links parasite density at the time of vector to 316 human transmission to human to vector transmission:
318 319 where ! ! and ! !→! are the rates for virulence and transmission in relation to parasite 320 loads. However, within-vector resource competition may also qualitatively affect the 321 parasite's capacity to infect the human host [17] [18] [19] . Therefore, we assumed that within-host 322 virulence increases with the efficiency of resource exploitation via the parasite's 323 competition coefficient:
325 326 R 0 under these assumptions is given by equation 8. It can be used to study the 327 trajectories of virulence evolution in diverse vector-parasite relationships. The parameter 328 values used in this study are provided in Table S1 . 
392
To determine infectivity to mice, the sporozoites collected from the mosquito salivary 393 glands were injected subcutaneously (5,000 sporozoites/mouse) into the tails of 8-10-
394
week-old C57BL/6 females. Bite-back experiments were performed by feeding the P. 
